demonstrate that these cortical activities, together with cadherin-based adhesion, are required 23 to sort each germline cyst as one collective unit. Genetic perturbations of cortical 24 contractility, blebs protrusion or adhesion between germline and somatic cells induced 25 failures to encapsulate any germ cells or the inclusion of too many germ cells or even the 26 mechanical split of germline cysts. Our results reveal that germ cells play an active role in the 27 physical coupling with somatic cells to produce the female gamete. 28 29 INTRODUCTION 30 31 During development, tissues from different origins often cooperate and coordinate 32 their morphogenetic movements to generate complex organs. Formation of the female gamete 33 for example requires tight coordination between germ cells and the surrounding somatic 34 tissue. During their differentiation, germ cells undergo several rounds of mitosis before 35 entering meiosis. In most species, these mitoses are incomplete giving rise to cysts of cells 36 interconnected by cytoplasmic bridges (Pepling et al., 1999) . Each germline cyst is then 37 surrounded by cells of somatic origin called pre-granulosa cells in mammals and follicle cells 38
in Drosophila (Elkouby and Mullins, 2017) . In mammals, pre-granulosa cells invade in 39 between germ cells and each cyst eventually breaks down (CBD) into single cells encased by 40 granulosa cells, forming primordial follicles (PFs) ( In Drosophila, these early steps of oogenesis take place in a specialized structure 51 called the germarium at the anterior tip of the ovary (Figure 1a ) (Huynh and St Johnston, 52 detachment from the plasma membrane (Charras and Paluch, 2008; Diz-Muñoz et al., 2013) . 140
These ruptures lead to the formation of cytoplasmic protrusions, called blebs, which release 141 cytoplasmic hydrostatic pressure. Blebs are thus signs of strong cortical contractility. We 142 often observed that following a wave of myosin, a break in the actomyosin meshwork formed 143 and allowed the expansion of bleb protrusions deep into the somatic cell layers. Blebs 144 expansion left only a ring of myosin at the neck (Figure 1j , Movie 5). The actomyosin 145 meshwork then reformed inside the protrusion driving bleb retraction. Inhibiting cortical 146 contractility by adding Cyto-D immediately eliminated blebs (Movie 6). This showed that 147 blebs formation in germ cells was dependent on actomyosin contractility. We found that blebs 148 frequency followed the increase in wave occurrences from region 2b to region 3 ( Figure 1k ). 149
Noticeably, no blebbing was detected in region 1 of the germarium when cortical contractility 150 is weak. 151
We concluded that oscillations of actomyosin at the germ cells cortex were contractile and 152 associated with blebs. This high contractility in region 2b/3 suggested that germline cells 153 could play an active role in the encapsulation process. In order to test the functional significance of contraction waves, we reduced cortical 159 contractility in the germline, either by knocking down chickadee (chic-RNAi), the Drosophila 160 homolog of profilin, required for actin polymerization; or zipper (zip-RNAi), which encodes 161 for myosin 2 heavy chain. We achieved spatial and temporal specificity using either the 162 nanos-Gal4 or bam-Gal4 driver, which are only expressed in germline cells. The bam-Gal4 163 driver is weaker than nanos-Gal4, but allows knocking down genes in region 2a to region 3 of 164 the germarium without interfering with stem cells and the formation of germline cysts. 165
Depleting chic or zip in germ cells effectively reduced cortical myosin intensity and waves 166 frequency compared to a control knocked-down (ctl-RNAi) (Figure 2a , b, Movie 7). We 167 obtained similar reduction of cortical contractility in germline cysts mutant for ROCK (rok 2 ) 168 ( Figure S2a ). We also tested the consequences of increasing cortical contractility by inhibiting 169 mbs, the myosin binding subunit of the myosin phosphatase, which dephosphorylates and 170 inhibits myosin. Depleting mbs in the germline (mbs-RNAi), increased waves frequency 171 (Figure 2a , b, Movie 7). 172
The most striking phenotype induced by both reducing or increasing contraction waves in 173 the germline was an abnormal number of germ cells per egg chamber, detected during mid-174 oogenesis (12 to 36h after leaving the germarium) ( Figure 2c precursors (abnormal number of divisions or defective abscission of GSCs/cystoblasts) 179 (Hawkins et al., 1996; Mathieu et al., 2013) ; or defects in cell sorting, with the encapsulation 180 of germ cells from different cysts into the same egg chamber. To distinguish between these 181 two hypotheses, we performed a cell-lineage analysis using the FLP-out technique to label 182 germline cysts generated by a single-cell precursor. In our experiment, RNAi expressing cysts 183 were GFP+ and wild type cysts GFP-. We found that egg chambers containing 32 germ cells 184 were made of two different 16-cell cysts packaged together, and not a single 32-cell cyst 185 caused by abnormal divisions (Figure 2e ). Similar results were obtained with germline clones 186 mutant for sqh 1 (Figure S2b ). We also found that egg chambers with less than 16 germ cells 187 were associated with neighboring egg chambers containing the missing complement of GFP+ 188 germ cells (Figure 2e , 10 GFP+ germ cells in one egg chamber are associated with the 189 missing 6 GFP+ germ cells in the neighboring egg chamber). Long stalks of FCs correlated 190 with pseudo-egg chamber empty of any germ cell ( Figure 2c ). 191
We concluded that altering cortical contractility induced defects in sorting germline cysts 192 into groups of 16 cells and resulted in the formation of unfertile egg chambers with abnormal 193 numbers of germ cells. It further suggested that the cause of these phenotypes could be 194 encapsulation defects at earlier stages of oogenesis. To test if abnormal egg chambers originated from encapsulation defects, we imaged live 199 the early steps of encapsulation in hydrogel. We followed the displacement of individual cysts 200 along the anterior-posterior (a-p) axis, at the time they started to be separated by FCs (in 201 region 2b and 3 of the germarium). We used cap cells at the anterior tip of the germarium as a 202 fixed reference point and measured cyst displacement by tracking their movements over 1 to 203 2h (Figure 3a , b, initial positions indicated by dotted lines and final positions with continuous 204 line). In ctl-RNAi conditions, we observed that when somatic cells ingressed to separate two 205 cysts, the older cyst was slightly displaced toward the posterior of the germarium (positive 206 orientation), and the younger cyst was slightly displaced toward the anterior (negative 207 orientation) ( Figure 3b , Figure S3 , Movie 8). Overall cyst displacement was small, we 208 measured a mean displacement speed of 0.0125 +/-0.0019 µm.min -1 , which is in accordance 209 with previous recording of wild-type cyst movements (Morris and Spradling, 2011) . 210
In chic-RNAi and zip-RNAi conditions, however, cysts movements were significantly 211 increased and we measured a mean displacement speed of 0.0285 +/-0.0022 µm.min -1 and 212 0.0237 +/-0.0024 µm.min -1 respectively (Figure 3b , Figure S3 ). Cysts in regions 2b and 3 213 were frequently pushed back together more anteriorly (Figure 3a , zip-RNAi upper panel). 214
These increased movements resulted in collisions between cysts in the germarium and 215 formation of long stretches of FCs. If collisions were not resolved at the time of egg chamber 216 individualization, this would lead to the formation of a compound egg chamber containing 217 two cysts packaged together. Thus, cortical contractility is required to prevent uncontrolled 218 germline cysts movement and collision between cyst at the time of encapsulation. 219
In chic-RNAi and zip-RNAi, we also noticed that cysts in region 3 instead of being round 220 adopted an elongated shape along the a-p axis compared to controls (Figure 3c , increased 221 aspect ratio). Live-imaging showed cysts being squeezed and sometimes cut into several parts 222 by ingressing FCs (Figure 3a , zip-RNAi lower panel, Movie 8 and 9). Cysts splitting events 223 would give rise to egg chambers with less than 16 germ cells. In addition, different parts of 224 the split cysts could also be packaged with adjacent cysts generating egg chambers with more 225 than 16 cells. These results indicated that cortical contractility also conferred stiffness to 226 germline cysts, preventing them from being squeezed and cut by surrounding FCs. 227
In mbs-RNAi, cysts movements and speed were also increased compared to control 228 conditions. We measured a mean displacement speed of 0.0203 +/-0.0029 µm.min -1 . Whereas 229 in zip-RNAi and chic-RNAi cysts tend to be more frequently pushed toward the anterior, mbs-230
RNAi cysts tend to move most frequently toward the posterior (Figure 3b ). This behavior was 231 more pronounced for cysts in region 3, that significantly moved faster toward the posterior 232 than ctl-RNAi in region 3 ( Figure S3 ). In the strongest instances, we observed collisions in the 233 posterior regions of the germarium between a fast moving cyst and an older cyst resulting in 234 the encapsulation of the two cysts together (Movie 9). In contrast to chic-RNAi and zip-RNAi, 235
we never observed cysts being split in mbs-RNAi. mbs-RNAi cysts were not squeezed but 236 remained round in region 3 with an aspect ratio close to 1 (Figure 3c ). These results suggest 237 that increasing cortical contractility in mbs-RNAi favor faster displacement of the cysts toward 238 the posterior of the germarium. 239
Together, our live-imaging experiments showed that cortical contractility is required for 240 correct positioning of cysts at the time of encapsulation both to avoid collisions between cysts 241 and formation of long stalks of FCs devoid of germ cells. Germline contractility is also 242 required to maintain cyst integrity as a group of 16 cells and avoid cyst splitting. These 243 observations helped explain our cell-lineage analysis. Thus, we concluded that alteration of 244 cortical contractility in germ cells induced a loss of coordination between germline and 245 somatic cells movements, leading to encapsulation of abnormal numbers of germ cells. Next, 246
we looked for links between germ cells and somatic cells that could mediate this coordination. 247 To decrease homophilic interactions between germ and somatic cells, we depleted E-257 Cad (shotgun, shg in Drosophila) either in the germline using the bam-Gal 4 driver (ECad-258
RNAi germ, Figure S3a ) or in the FCs using traffic jam-Gal4, which is strongly expressed in 259 FCs (ECad-RNAi soma, Figure S3a ). We used E-Cad-shRNA to avoid functional 260 compensation by N-Cad (see Material and Methods and (Loyer et al., 2015) ). We found that it 261 induced encapsulation phenotypes, similar to those observed after knocked-down of zip or 262 chic in the germline. On fixed ovaries, we found egg chambers made of two 16-cell cysts, or 263 separated by empty stalk cells (Figure 4d , e). In addition, when E-Cad was depleted in germ 264 cells, we found a majority of egg chambers with fewer germ cells, indicating that groups of 16 265 cells had been split between several egg chambers ( Figure 4d ). As in chic-RNAi or zip-RNAi, 266 occurrence of split cysts correlated with strong deformations of ECad-RNAi germ mutant 267 cysts along the a-p axis in region 3 ( Figure 4f ). However, egg chambers containing split cyst 268
were not observed when E-Cad was depleted in FCs only, and cyst aspect ratio in region 3 269 was not affected in this case ( Figure 4f ). 270
Live imaging confirmed these encapsulation defects: we observed increased cyst 271 movements in region 2b and 3 of the germarium (mean displacement speed = 0.0427 +/-272 0.0044 µm.min -1 for ECad-RNAi germ and 0.0507 +/-0.0066 µm.min -1 for ECad-RNAi 273 soma), with cysts being pushed toward the anterior or the posterior leading to collisions with 274 the preceding or following cyst (Figure 4g , h, Figure S4b We concluded that correct encapsulation requires generation of contractile forces by 288 germline cysts and adhesion between germ cells to prevent cysts splitting. It also requires 289 transmission of these contractile forces to follicle cells layer through E-Cad adhesion 290 complexes to maintain cyst position and prevent collisions between cysts. 291 292 6) Altering blebs frequency leads to encapsulation defects. 293
294
Since blebs are direct consequences of strong cortical contractions and in direct contact 295 with FCs, we investigated whether blebs were also involved in encapsulation and cyst 296 positioning. To manipulate blebs occurrences without directly affecting actomyosin 297 contractility, we thought of modifying properties of the cortex by expressing two different 298 mutant forms of Moesin in germ cells. Moesin is the sole ERM (Ezrin Radixin Moesin) 299 protein in Drosophila and links the actomyosin cortex to the plasma membrane. Its activity is 300 regulated by phosphorylation at T559 (Kunda et al., 2008). When we expressed a non-301 phosphorylatable form (moe-TA::GFP) in germ cells, known for its dominant-negative 302 function, we noticed an increase in the average number of blebs per cyst (Figure 5a , b). This 303 correlated with encapsulation defects and the formation of egg chambers with abnormal 304 numbers of germ cells (Figure 5c, d) . Cell lineage analysis further showed that GFP+ cysts 305 expressing moe-TA::GFP could be found packaged with a wild-type cyst in a compound egg 306 chamber ( Figure 5c ). We then looked by live-imaging how these defects emerged. 307
Interestingly, we observed that moe-TA::GFP overexpressing cysts in region 3 moved more 308 and faster (with a mean displacement speed of 0.0187 +/-0.0028) toward the posterior than 309 control cysts (mean displacement speed = 0.0107 +/-0.0028) ( Figure 5e ). A highly blebbing 310 cyst could sometimes contact and invade a posterior cyst leading to cysts collision (Figure 5f , 311
Movies 14, 15). 312
On the other hand, expressing a phosphomimetic form of Moesin (moe-TD::GFP) in germ 313 cells is thought to induce a stiffer cortex. We observed smaller blebs and a decrease in 314 number of blebs, although not statistically significant (Figure 5a, b) . In contrast to cysts 315 expressing moe-TA::GFP, cysts expressing moe-TD::GFP were not able to significantly 316 move forward and only induced mild encapsulation defects (Figure 5d , e). 317
These results showed that blebs could play a role during encapsulation. Increasing bleb 318 occurrences was sufficient to accelerate germline cysts movement, which can induce 319 collisions and encapsulation defects. Thus, our results suggest that increasing blebs in 320 germline cysts could induce a bleb-based motility behavior. 321 322 7) Germline cysts play an active role in cysts sorting using migration-like 323 mechanisms. 324
325
To reveal a putative germ cells autonomous role in cyst positioning during encapsulation, 326 we aimed to block somatic cells movement and thus suppress constriction forces exerted on 327 germline cysts. We did so by mechanically blocking FCs centripetal migration. We observed 328 that when we mounted germarium in halocarbon oil (10S), FCs strongly adhere to the 329 coverslip and were unable to migrate. In normal conditions, FCs convergent-extensions 330 movements constrict the germarium in-between cysts progressively reducing the width of the 331 stalk that will separate the future egg chambers (Figure 6a ) (Morris and Spradling, 2011). In 332 hydrogel we measured a reduction of 4.5 +/-0.5 % of the stalk width in 50 min. In oil, FCs 333 tend instead to slightly expand on the coverslip resulting in an expansion of 0.6 +/-1.0 % of 334 the stalk width ( Figure 6a ). FCs were thus not able to intercalate and constrict underlying 335 germ cells. In these conditions, we measured positive movement of germline cysts toward the 336 posterior of the germarium, indicating that wild-type germline cysts were able to migrate on 337 stalled FCs, which can lead to collision between cysts (Figure 6b , c, Movie 16). Knock-down 338 of zip or E-Cad in the germline however significantly reduced germline cyst movement and 339 speed in germarium mounted in oil (Figure 6b ). This indicated that the ability of cysts to 340 migrate on stalled FCs depends on cortical contractility and adhesion with surrounding FCs. 341
Importantly, these results also revealed that fast displacement of germline cysts with reduced 342 cortical contractility or adhesion observed in hydrogel were passive and imposed by 343 surrounding FCs constriction forces (Figure 3b and Figure 4g ). Mutant cysts were passively 344 pushed backward or forward as somatic cells rearranged and constricted to form a stalk 345 ( Figure S5 ). 346
Thus, our data suggest that cortical contractility in germ cells can generate forces enabling 347 cysts to migrate. To support this idea, we compared two populations of germline cysts within 348 the same germarium using clonal analysis. We induced mosaic germaria containing germline 349 cysts mutant for rok and marked by the absence of RFP (wild-type cysts are RFP+) ( Figure  350 6d). rok mutant cysts showed a clear reduction in waves frequency compared to wild type 351 cysts ( Figure S2a ). In these conditions, wild type cysts invaded into posterior rok mutant 352 cysts, indicating that wild type cysts were consistently faster to the posterior than rok mutant 353 cysts ( Figure 6d forces. Indeed, on the one hand, when germ cells contractility was weakened, somatic cells 376 could squeeze and cut or displace germline cysts. On the other hand, when somatic cells 377 convergence was blocked, germline cells migrated faster and collided. We further showed that 378 E-Cadherin-based adhesion between germline and somatic cells is required to transmit forces 379 and to coordinate both morphogenetic movements. 380
Mechanistically, we propose that contractile waves contribute to the dynamics of 381 cellular adhesion between germline and somatic cells. Indeed, knocking down contractility in 382 germ cells or cadherin-based adhesion between germline cysts and FCs both led to increased 383 and uncontrolled movements of germline cysts. This resulted in encapsulation defects with 384 the packaging of several cysts in the same egg chamber, or long stalk of FCs without germ 385 cells. We propose that cortical contractility at the interface between germline cyst and FCs 386 helps to remodel dynamically cellular adhesion and thus to coordinate germline and somatic 387 cells morphogenetic movements. This could involve junctional strengthening under tension or , 2010) . We propose that a similar mechanism operates here, where contractility and 401 adhesion between cells within a cyst favor the formation of a stiff sphere that cannot be split 402 during encapsulation. Interestingly, the abnormal packaging of germ cells in flies with 403 reduced adhesion or contractility in the germline, is similar to the normal aggregation of germ 404 cells from different cysts into nests that occurs in mice oogenesis (Lei and Spradling, 2013). 405
Our results suggest that simple differences in the regulation of cellular adhesion or cortical 406 contractility could explain this evolutionary difference between mice and flies. 407
We also showed that germline cysts are blebbing during encapsulation. It has also been proposed that in a confined environment, blebs could push laterally allowing 413 cells "to chimney" their way forward. Our results are compatible with a role of blebs in 414 generating propelling forces during encapsulation. We found that increasing blebs frequency 415 can induce posterior cyst migration. The underlying physical model remains, however, to be 416 investigated. Together, our results suggest that germline cysts use migration-like mechanism 417 such as blebbing and DE-Cad based friction with the somatic layer to maintain their position 418 in the germarium during encapsulation, counterbalancing the forces exerted by ingressing 419
FCs. 420
The reverse situation of somatic follicle cells migrating in between germ cells has 421 been well characterized in later stages of Drosophila oogenesis. A small group of anterior 422 follicle cells, called border cells (BCs), detach from the anterior pole of the egg chamber and 423 migrate between nurse cells to reach the oocyte (Montell, 2003) . Like encapsulation, this 424 process is collective and requires DE-Cadherin, actin polymerization and myosin activity. 425
However, despite these similarities, BCs follow a mesenchymal-like mode of migration by 426 extending long protrusions toward the oocyte (Mishra et al., 2019) . In contrast, we found that 427 germ cells contractility induces the formation of blebs, which are associated with amoeboid 428 migration (Lammermann and Sixt, 2009). Our results are more reminiscent of primordial 429 germ cells migration described in zebrafish, indicating that blebs formation may be a 430 conserved property of germline cells (Blaser et al., 2006) . 431
Our results are a first step toward a mechanical understanding of encapsulation. 432
Mechanical signals can instruct and pattern cell behaviors (Chanet and Martin, 2014) . In light 433 of our study, we can speculate that mechanical feedbacks between germ cells and somatic 434 cells could play a role in self-organizing encapsulation. An important issue is to address how 435 these mechanical inputs are integrated and regulated by biochemical signaling pathways. In Myosin was visualized in live germaria using myosin regulatory light chain (sqh in 627 Sciences) was diluted in water and added to the chamber for a final concentration of 500M. 692 Colcemid (Sigma) was added for a final concentration of 62g.mL -1 . 693
For live imaging in oil, ovaries were dissected in oil (10S, Voltalef, VWR) and transfer onto a 694 coverslip. Germaria were made to stick to the coverslip in oil. 695
For immunostaining, ovaries were dissected in PBS, fixed in 4%PFA, permeabilized in PBT 696 Images were processed using Fiji and Imaris (Bitplane) and graphs were generated in Prism 708 (GraphPad). A bleach correction was applied to time-laps images. Images of the movies 709 represent a maximum intensity Z projection (15m). Waves and blebs frequency (Figure 1, 2  710 and 3) were measured in Fiji, every occurrence of a wave or bleb was counted, the resulting 711 number was then divided by the time of the recording. Wave occurrences were either counted 712 per cell (Figure 1f ) or per cysts (Figures 1i, 2b, 3b) . To measure the average number of blebs 713 per cyst ( Figure 5) , we counted the number of blebs per cyst for each time frame (every 30 714 sec) and divided by the number of frames. This method was used to take into account bleb 715 persistence. 716
Region 3 cyst aspect ratios (Figure 3) were measured in Fiji using the build-in toolbox, an 717 ellipse was fitted to the shape of the cyst (as indicated in Figure 3f ). 718
Cyst displacement were tracked in Imaris. Cap cells at the anterior tip of the germarium were 719 used as a fixed reference point. To estimate cyst displacement, we tracked the oldest ring 720 canal of each cyst, which is the widest and brightest, making it an easy object to track. We 721 projected displacement along the a-p axis using Imaris build-in toolbox and calculated the 722 mean speed over 1 to 2h. By convention, we conferred a negative value for displacement 723 speed toward the anterior and a positive value for displacement speed toward the posterior. 724
To calculate the percentage of stalk width reduction over 50 min in hydrogel vs. in oil, we 725 measure the width of the stalk at t = 0 and at t = 50 min and divided the difference by the 726 initial width. 727 728 Quantification and statistical analyses. 729
Statistical analyses were performed using the Prism (Graphpad) statistics toolbox. For waves 730 frequency and aspect ratio, P values were calculated using an unpaired t-test, the reference 731 sample is the distribution in wild-type. To compare cysts displacements speed in our different 732 conditions, we used a non-parametric Mann-Whitney U-test. the reference sample is the 733 distribution in ctl-RNAi. Statistical analyses were performed on absolute value of cyst 734 displacement speed. To compare constriction of the stalk in hydrogel vs. oil, P value was 735 calculated using an unpaired t-test, the reference sample is the distribution in hydrogel. 736
Cysts autonomous migration on stalled FCs (Figure 6b RNAi were expressed specifically in the germline. Mean and SD are shown. n = 5 cysts in 790 region 2a, n = 8 cysts in region 2b, n = 8 cysts in region 3, 5 ctl-RNAi germaria; n = 5 cysts in 791 region 2a, n = 4 cysts in region 2b, n = 5 cysts in region 3, 5 chic-RNAi germaria; n = 4 cysts 792 in region 2a, n = 6 cysts in region 2b, n = 5 cysts in region 3, 3 zip-RNAi germaria; n = 5 cysts 793 in region 2a, n = 9 cysts in region 2b, n = 7 cysts in region 3, 5 mbs-RNAi germaria. * P < 794 0.05, ** P < 0.01, ***P < 0.001, ns, not significant, t-test. Quantification of cyst displacement speed along the a-p axis for the different indicated mutant 940 conditions. The figure represents the same data set as in Figure 3b with the detailed 941 displacement speed for cysts either in region 2b (positioned roughly in the middle of the 942 germarium and with a disc shape) or in region 3 (positioned at the posterior of the germarium 943 and with a rounder shape). Violin plots with median and 25%-75% quartiles are shown. n = 944 20 cysts in region 2b, 24 cysts in region 3 for ctl-RNAi; n = 25 cysts in region 2b, 31 cysts in 945 region 3 for chic-RNAi; n = 21 cysts in region 2b, 33 cysts in region 3 for zip-RNAi; n = 21 946 cysts in region 2b, 42 cysts in region 3 for mbs- RNAi specifically reduce E-Cad staining between somatic cells. 955 (b) Quantification of cyst displacement speed along the a-p axis depending on the different 956 mutant conditions. The figure represents the same data set as in Figure 4f with the detailed 957 displacement speed for cysts either in region 2b (positioned roughly in the middle of the 958 germarium and with a disc shape) or in region 3 (positioned at the posterior of the germarium 959 and with a rounder shape). Violin plots with median and 25%-75% quartiles are shown. n = 960 25 cysts in region 2b, 28 cysts in region 3 for shg-RNAi germ.; n = 17 cysts in region 2b, 22 961 cysts in region 3 for shg-RNAi soma. *** P < 0.001, Mann-Whitney U-test (performed on 962 absolute speed values). 963 (c) Fixed images of ovarioles stained with phalloidin to mark actin (magenta), Orb that marks 964 the oocyte (yellow) and DAPI that marks the DNA (blue). Germline knock down of arm leads 965 to encapsulation defects similar to germline knock down of shg, such as cyst collision within 966 the germarium and cyst splitting. 
